Protoplasts from Nicotiana clevelandii were infected with velvet tobacco mottle virus (VTMoV) using inocula containing 2 ~tg/ml poly-L-ornithine (PLO), 8 ~tg/ml VTMoV and 0.02 M-potassium citrate pH 5.0. Typically about 47 % of the inoculated protoplasts become infected. The amount of virus particles bound to inoculated protoplasts was increased by a decrease in pH, an increase in PLO concentration or an increase in virus concentration. The one-step growth curve of VTMoV in N. clevelandii protoplasts showed that, although large amounts of virus were synthesized, the multiplication was slower than that published for other viruses. Alpha-amanitin (50 ~tg/ml) had no effect on the rate of accumulation of virus coat protein or on the synthesis of either RNA species of VTMoV when added to cultures immediately after inoculation.
INTRODUCTION
Velvet tobacco mottle virus (VTMoV) has 30 nm diameter isometric particles and was discovered in diseased Nicotiana velutina in Southern Australia Gould, 1981) . It has many properties in common with sobemoviruses (Matthews, 1979) but particles contain two RNA species with mol. wt of 1.5 x 106 (RNA 1) and 0-12 x 106 (RNA 2). RNA 2 molecules are circular and to some extent resemble viroids . They have been termed virusoids (Haseloffet al., 1982) . Initial studies suggested that both RNA 1 and RNA 2 were needed for infectivity but more recent work has shown that for the rather similar viruses lucerne transient streak and Solanum nodiflorum mottle (SNMV) (Tien et at., 1981; ) the RNA 2 species are satellites dependent on, but not part of, the genome of the respective viruses. As a preparation for studying multiplication of VTMoV, we have investigated the use of protoplasts isolated from leaves of Nicotiana clevelandii. Our results show that, as does the related SNMV (Kiberstis & Zimmern, 1984) , VTMoV infects and multiplies in these protoplasts.
The multiplication of viroids is sensitive to :~-amanitin (Mfihlbach & S~inger, 1979) and we have examined the sensitivity of VTMoV multiplication in N. clevelandii protoplasts to ~-amanitin as a comparison between VTMoV RNA 2 and viroids.
METHODS
Virus. VTMoV was kindly provided by Dr R. I. B. Francki. Viruses were isolated and purified from glasshousegrown N. clevelandii infected with VTMoV as described by Randles et al. (1981) .
Preparation, injection and incubation ofprotoplasts. The middle leaves from 2-to 3-month-old glasshouse-grown N. clevelandii were used as the source of protoplasts. The leaves were washed in 75 % ethanol and distilled water and then allowed to wilt for about 30 min. The lower epidermis was pulled away and leaf pieces of I to 3 cm 2 were cut and placed, peeled side down, in Petri dishes each containing 20 ml 0.4% Macerozyme R-t0 (Yakult Biocbemicals, Japan) and 1.2 to 1.4% cellulase R-10 (Yakult Biochemicals) in 0.7 M-mannitol pH 5.6. After 12 to 14 h in the dark at 25 °C, the dishes were gently swirled and the debris was removed by filtration through muslin. The protoplasts were removed from the enzyme solution by centrifuging at 50 g for 3 min, were washed three times with 0.7 M-mannitol and were finally suspended in 0.7 M-mannitol solution.
J-G. WU, W-J. LU AND P. TIEN The inoculum consisted of 0.02 M-potassium citrate buffer pH 5.0, containing 0.7 M-mannitol, 2 gg/ml poly-Lornithine (PLO, mol. wt. 130000, Sigma) and 8 gg/ml VTMoV. The solution was incubated for 10 min at 25 °C, then mixed with an equal volume of protoplast suspension (3 × 105 per ml) and incubated again at 25 °C for 10 min. The inoculated protoplasts were freed from excess inoculum by centrifuging for 3 min at 50g and were washed three times with 0-7 M-mannitol containing 0-1 mM-CaCI 2. Finally, the protoplasts were resuspended in incubation medium as used by Kassanis & White (1974) and cultured at 28 °C under constant illumination of about 1000 Ix.
Serological methods. Antiserum against VTMoV was obtained by immunizing rabbit with purified virus.
Antibody IgG was prepared from antiserum as described by Clark & Adams (1977) . Antiserum from sheep to rabbit IgG was supplied by the Institute of Biophysics, Academia Sinica, Beijing, China. Antiserum from rabbits to horseradish peroxidase (HRP) was prepared by injecting rabbits with HRP at multiple sites. The soluble horseradish peroxidase-anti-horseradish peroxidase complex (PAP) was prepared as described by Qiu & Tien (1982) .
Inoculated protoplasts were stained by the immunoperoxidase method using PAP as described by Qiu & Tien (1982) . The infected protoplasts were examined for brown-stained antigen under a light microscope.
Anti-VTMoV IgG was conjugated to HRP using the method described by Clark & Adams (1977) . Amounts of virus were determined by double antibody sandwich ELISA (Clark & Adams, 1977) .
Preparation of VTMoV RNAs. Nucleic acids were isolated from purified VTMoV suspension in 5 ml TNE buffer (40 mM-Tris-HCl pH 8.5, 2 mM-EDTA, 200 mM-NaCI) by shaking with 0.8 ml 10~ SDS and 6 ml watersaturated phenol containing 0.1 ~ 8-hydroxyquinoline as described by Gould (1981) .
Nucleic acids were isolated from infected protoplasts as follows. After inoculation with VTMoV, 8 ml protoplast suspensions were cultured at a density of 3 x 105 cells/ml. [3H]Uridine (10 gCi/ml) and c~-amanitin (50 gg/ml) were added at the beginning of the culture period. After incubation for 72 h, the protoplasts were collected by centrifugation for 5 min at 100 g and stored at -80 °C. The frozen pellets were suspended in 6 ml TNE buffer and mixed with 0.8 ml 10~ SDS, 60 gl ~-thioglycollic acid, 6 ml water-saturated phenol containing 0.1~ 8-hydroxyquinoline and 4 ml chloroform : pentanol (25 : 1, v/v) at room temperature for 30 min and then centrifuged at 5000 g for 15 min. The aqueous phase was washed three times with an equal volume of ether, and nucleic acid was precipitated by adding 3 vol. 95~ ethanol and was stored at -10 °C overnight. RNA was recovered by centrifugation at 5000 g for 15 min and dried under vacuum.
Electrophoretic analysis of nucleic acids. RNA was analysed by electrophoresis as described by Mtihlbach & S/inger (1979) in 8 cm-long cylindrical gels of 3~ polyacrylamide. About 15 000 c.p.m, labelled RNA per gel was added as sample and 5 gg non-radioactive RNA was added as a marker. After electrophoresis at 3 mA/gel for 6 h at 10 °C the RNA bands were located by staining for 10 min in 0.05 ~ toluidine blue solution containing 7~ acetic acid and destaining in sterile distilled water. The sample gels were cut into slices of about 2 mm and counted for 3H radioactivity.
RESULTS

Factors influencing the amount of virus adsorbed to protoplasts during inoculation
As an initial study, the effects of inoculum pH and the concentrations of PLO and of VTMoV on the amounts of virus particles bound to inoculated N. clevelandii protoplasts were determined by ELISA.
The results showed that the lower the pH the greater was the amount of virus bound to protoplasts (Fig. 1) . Because protoplasts were damaged below pH 5.0, we chose to use pH 5.0 as the inoculation pH. The amount of virus bound to protoplasts was proportional to the concentration of PLO (Fig. 2) . Protoplasts are unstable in high concentrations of PLO (Otsuki & Takebe, 1973) ; therefore, 2 ~tg/ml PLO was chosen for inoculation of protoplasts. The amount of virus particles bound to inoculated protoplasts was also increased by an increase in virus concentration (Fig. 3) . The amount of virus bound increased sharply between virus concentrations 1 and 8/ag/ml, but increased only slowly above 8 ~tg/ml. Thus, 8 ~tg/ml VTMoV was chosen as the inoculum concentration.
With these inocula, about 47~ of the inoculated protoplasts were found to be infected 48 h after inoculation.
Multiplication of VTMo V in protoplasts
Infected protoplasts were collected by centrifugation at 0, 5, 9, 18, 32, 43, 55, 68, 79, 105 and 144 h post-inoculation and were assayed by ELISA. The one-step growth curve of VTMoV (Fig.  4) showed that some virus was present at zero time which represented the inoculum virus 
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Effect of ~-amanitin on the replication of V T M o V RNAs
Inoculated protoplasts were treated with 50 ~tg/ml c~-amanitin and 10 ~tCi/ml [3H]uridine; the control protoplast culture m e d i u m lacked ~-amanitin. Nucleic acid was isolated from infected protoplasts 72 h post-inoculation and analysed by electrophoresis (Fig. 5) . A comparison between the two bands of V T M o V marker R N A s (Fig. 5a) and sample R N A s (Fig. 5b, c) , shows that there was no marked effect of c~-amanitin on the synthesis of either R N A species of V T M o V . Effect of c~-amanitin on the multiplication of VTMo V particles The effect of ~-amanitin on the replication of VTMoV particles was also measured by ELISA. The results (Fig. 6 and Table 1) showed that there was no obvious inhibitory effect of c~-amanitin on VTMoV replication.
DISCUSSION
The results show that VTMoV multiplies in N. clevelandii protoplasts to produce yields of virus particles comparable to those of tobacco mosaic virus (Takebe & Otsuki, 1969) . However, the latent period before virus particles are detectable (at 28 °C) is about 18 h which is longer than values of about 6 to 9 h found with other viruses (Qiu & Tien, 1982) . Also the exponential phase (from 32 to 68 h post-inoculation) is slower than that of many viruses (from 6 to 12 h postinoculation), but is faster than that of viroids such as cucumber pale fruit (from 48 to 72 h postinoculation) (Mfihlbach & S/inger, 1977) . Furthermore, detailed analysis is needed to determine whether these differences in kinetics are the result of the multiplication of the two RNA components.
Healthy plant cells contain a DNA-dependent RNA polymerase system (Duda, 1976) and an RNA-dependent RNA replicase system (e.g. Dorssers et al., 1982) . In eukaryotic cells ~-amanitin selectively inhibits the DNA-dependent RNA polymerases II and III at low and high concentrations respectively, but does not inhibit RNA polymerase I (Weinmann & Roeder, 1974) . ~-Amanitin at 50 ~tg/ml inhibits viroid replication about 75 ~ (Miihlbach & S/inger, 1979) and it was suggested that nuclear DNA-dependent RNA polymerase II is involved in the initial stages of viroid replication. Also, Rackwitz et al. (1981) found that DNA-dependent RNA polymerase II of plant origin can transcribe viroid RNA into full-length copies in vitro. It is strongly suggested that the copying of the infecting viroid RNA proceeds with the aid of the DNA-dependent RNA polymerase II of the host plant.
Although the virusoid RNA is a single-stranded circular RNA similar in size (366 residues) to viroids and can be internally base-paired to form a rod-shaped molecule with helical segments separated by short single-stranded regions Gross et al., 1978) , it is encapsidated in the virus capsid and cannot replicate autonomously . Our finding that virusoid RNA synthesis is not inhibited in vivo by 50 ~tg/ml ~-amanitin indicates that virusoid replication is unlikely to be dependent on DNA-dependent RNA polymerase II, but rather on RNA-dependent RNA replicase. Chu et al. (1983) , Symons et al. (1984) and Branch & Robertson (1984) have suggested that virusoids replicate by some form of a rolling circle mechanism to generate a high molecular weight negative-sense RNA which is used as a template for the synthesis of the virusoid RNA. Such a mechanism would require an RNAdependent RNA replicase. Another group (J. Rohozinsski, P. W. G. Chu & R. I. B. Francki, unpublished results) has recently detected an RNA-dependent RNA replicase in VTMoVinfected leaves which is capable of synthesizing a dsRNA, specific to its virusoid.
We emphasize that we do not regard the lack of an effect of a-amanitin on multiplication of either RNA species of VTMoV as definitive proof of direct replication of virusoid RNA by the RNA-dependent RNA replicase. However, these data do suggest that the enzyme mechanism of virusoid RNA synthesis is not the same as that of viroids which proceed through the DNAdependent RNA polymerase II. For its elucidation, in vitro studies with appropriate enzymes, particularly of host plant origin, seem to be essential.
